Abstract:
Introduction
In hazardous materials transportation, risk equity (Keeney, 1980) is an important factor along with the cost and risk of transport, because the distances between road segments and densely populated areas vary and the selection frequencies of road segments for transportation are different. Based on these two conditions, significant changes in risk differences are induced on populations near road segments. Thus, a reasonable path scheme can distribute the risk of a densely populated area equitably in the hazardous materials transportation network. The study aims to provide a long-term routing solution with risk equity consideration for the hazardous materials transportation process from one or more origins to destination (O-D). A transportation routing scheme is designed to minimize the total transportation cost and risk and reduce the risk difference of different population densities in the transportation network to achieve a fair risk distribution. Three innovation aspects are considered to improve the hazardous materials transport process. (1) A measuring risk equity method is proposed. By considering the risk assessment model, the method quantifies the risk per person in the densely populated area of the transportation network. The risk of all areas per capita is calculated, and then the risk equity is evaluated using the standard deviation. (2) The model is built to achieve the three goals by adjusting the path selected frequency. The model minimizes the transportation risk difference in the populated area of the transportation network. The longterm transport process can be repeated in accordance with the program. The model is a multi-objective nonlinear integer program, which is difficult to solve and provides many solutions for decision-makers. The model can be improved by employing model decomposition. The complexity of the model can be reduced by the relaxing partial objective function to the constraint condition. (3) The algorithm is designed according to the model. Several sub-models belong to the main model: multi-objective shortest path problem, multi-objective non-linear integer programming problem, and single-objective nonlinear integer programming problem. The multi-objective A* algorithm (NAMOA*) (Mandow and De La Cruz, 2010) can be used to solve the first problem, while the non-dominated sorting genetic algorithm-II (NSGA-II)-based multi-objective optimization and genetic algorithms can be used to solve the second and third problems, respectively. This paper has four sections. Section 2 presents several related works, which include the risk measure method, risk equity evaluation method, and the transport routing optimization model. In Section 3, standard deviation is used to measure the risk equity among densely populated areas. In part 4, the mathematical model is built, and the optimal routing goal is achieved by adjusting the path selected frequency after the model is improved twice and the algorithm for each sub-model is designed. Finally, the model and algorithm are verified by experiments, and the experimental results are analyzed.
Literature Review
We introduce three research aspects: risk evaluation method, risk equity evaluation method, and transport routing optimization method.
Risk evaluation method
The first issue is assessing the risk induced on the population by hazardous materials vehicles traveling on various segments of the road network, although no consensus exists regarding the best way to design the risk model. Any formulation includes two elements: the probability of an accidental hazardous materials release and its associated consequences (Bronfman et al., 2015) . Alp (2016) proposed a traditional risk model to minimize the probability of a hazardous materials vehicle traveling along a path. The incident probability and the population exposure models (ReVelle et al., 1991) can be viewed as two extreme cases of the traditional risk model. The perceived risk model (Abkowitz et al., 1992) , which is similar to the traditional risk model (Sivakumar et al., 1995) , uses alternative criteria and criteria weighting to balance the safety and operating efficiency of route selection. The traditional and perceived risk models can be viewed as single-attribute models although they have two attributes, namely, probability and consequence. In contrast with these single-attribute models, the conditional risk model is a multiplicative multi-attribute model with two attributes: expected risk and accident probability. This model evaluates the probability of the occurrence of the first accident and suggests the necessary suspension of a path between an O-D pair after a catastrophic accident. Erkut and Ingolfsson (2000) suggested that avoiding a catastrophe may be a relevant issue in routing hazardous materials and introduced three different models of catastrophe avoidance. In the first model, catastrophe avoidance is achieved by minimizing the maximum population exposure. In the second model, the variance of the route consequence is incorporated in the decision. In the third model, a clear disutility function is used. Bell (2007) proposed a mixed-route model under a completely uncertain accident probability, which aims to reduce the maximum risk by sharing shipments among routes. Assael et al.(2015) discussed the quantification of hazardous effect of fires and explosions, and each described with a case study. Conca et al. (2016) proposed an integrated approach for the study of routing problems considering safety, to analyze the interactions between road traffic flow and frequency of accidents. Another risk assessment method incorporates distance in models dealing with hazardous materials transportation. List and Mirchandani (1991) considered the distance from a hazardous materials route to a population. Erkut and Verter (1995) proposed two models for quantitative risk assessment in hazardous materials transport. The first model assumes that population is concentrated at points on a plane, whereas the second model treats population centers as two-dimensional objects. Carotenuto et al. (2007) introduced an approach that assesses incident consequence by distance as distance-sensitive damage functions based on the expected risk model.
Risk equity evaluation method
Many previous researches on hazardous materials shipments planning also incorporated equity concepts. Gopalan et al. (1990) developed a model for hazardous materials transport from a single origin to a single destination that minimizes total travel risk and spreads the risk fairly. Lindner-Dutton et al. (1991) proposed a suitable solution to the sequencing problem of hazardous materials transportation between an O-D pair. List and Mirchandani (1991) minimized the risk and total costs by selecting suitable facility locations and associated routing. Current and Ratick (1995) proposed a model for minimizing transportation and storage risks by considering them proportional to the exposed population. They also represented equity by minimizing the maximum total transportation exposure or the exposure derived from stored materials to all individuals. Giannikos (1998) proposed a multi-objective model to optimize operating cost, perceived risk, maximum individual perceived risk, and the equitable distribution the disutility caused by the operation of treatment facilities. Carotenuto et al. (2007) (2008) presented an integrated decision support system for routing hazardous materials and locating first-response mobile units within a specified coverage time from hazardous material routes. A bi-criterion path-finding problem (Androutsopoulos and Zografos, 2010) was presented in hazardous material delivery problems, and an algorithm was presented for determining the non-dominated scheduled route-paths. Lozano et al. (2011) performed a blind and heuristic search analysis on multi-objective hazardous materials transportation problems. Xie and Waller (2012) proposed an alternative optimization approach for the multi-objective hazardous materials routing problem. They constructed a decomposition scheme to convert a multiobjective routing problem into a number of bi-objective problems and designed an efficient parametric optimization method for them. Toumazis and Kwon 2015) proposed an approach for addressing the hazardous materials routing problem on a transport network. The proposed approach maximizes the weighted distance between the route and it closest vulnerable center to minimize the potential consequences for the most exposed population. Romero et al. (2016) designed a formulation and solution procedure for the facility location and routing problem of hazardous materials. The model is multiobjective and minimizes total canister-miles and transportation accident risk. It also includes the possibility of considering equity in the selected sites and recommended transportation routes.
Risk equity evaluation 3.1. Unit-length segment risk
Two evaluation methods are used to measure risk equity in hazardous materials transportation. One is road segment-based risk equity evaluation method, and the other is region-based risk equity evaluation method. However, most of the studies described the differences of transportation risk that were undertaken by road segments or regions. The relationship between population and risk value in the road segment or region was not considered. This section discusses the unit-length segment risk evaluation method. To measure the risk difference among different regions, a method for evaluating the risk equity of the difference of per capita risks in the populated area is proposed. The method quantifies the risk of each route and the risk of the populated area in the transportation network and calculates the standard deviation of the risk of each population area to measure the risk equity among regions. A transportation network is represented as Alp, 2016) , considering the accident probability on the unit length segment and the accident consequence to the populated area, the measure of risk influence is defined as ( , )
where x P denotes the accident probability on unit length segment x .
Link risk
All road segments are composed of several unit length segments. When hazardous materials pass through a road segment, the number of unit-length segments can be used as the number of Bernoulli tests. Assuming road segment a is composed of unit-length segments 1 a , 2 a ,…, a q a , the accident probability on any unit segment 
In Formula (4), the accident probability on any unit segment x is minimal, that is, the probability of non-accident is close to 1, and the accident probability is x p . When road segment a undertakes the transportation task, the risk to area y is approximately equal to the accumulated risk in all unit length segments, which is expressed as 
Chai, H., He, R., Jia, X., Ma, C., Dai., C., Archives of Transport, 46 (2) , 33-46, 2018 37 The discretization method can introduce relative error. Meanwhile, in the case of a certain accident probability on the unit-length segment, the length of the unit-length segment and the relative error are small (Erkut and Verter, 1995). According to the above evaluation method, the total risk on road segment a is defined by
Region risk and risk equity
The risk in area y is the sum of risks that all road segments must accept for area y . Then, according to (5), the total risk of area y is expressed as
Therefore, the standard deviation risk of each populated area can be used to measure the risk differences among different regions. The definition of equity evaluation index is as follows: 
Vehicle routing model
In a hazardous materials transportation network, the selected frequency of the relevant path contributes in achieving balanced risk for each populated area when one or few "best" paths are obtained by optimization. In Fig. 1 3 a r = ). Fig. 1 indicates the different influences of risk equity by selecting different frequencies.
Basic model
When multiple transportations occur between r and s , the method adjusts the frequency selection path in the selected path set, which changes the risk distribution in the entire hazardous materials transportation and reduces the risk differences among various areas. Therefore, the frequency selection of path , respectively, and the risk equity is. 
One road segment may be selected by different transportation paths when O-D pairs are transporting at the same time, and the risk of the segment is the sum of the risks from each transport. The integer variable, 
According to Equation (7) 
In hazardous materials transportation, 
We design a multi-objective optimization model for simultaneous transportation between multiple O-D pairs that can adjust the selected frequency rs k  of path k to achieve the optimal risk equity in a short cycle and select several paths in path set rs K between r and s . The result of the model provides an optimal periodic vehicle scheduling scheme. Model P is defined as follows: 
subject to >1 , , 
, {0,1} , , ,
{0,..., } , ,
where objective function (13) is the risk equity to be minimized, and objective functions (14) and (15) are the minimized average transport cost and risk, respectively.
Improved models 4.2.1. Improved model I: Decomposing
Obtaining an optimal solution is difficult because P is a multi-objective non-linear integer programming model. Moreover, exhaustion is impossible because the combined number of path set rs K increases with the nodes. An improved model is proposed to aid decision makers. First, we obtain double objective Pareto-optimal solutions of cost and risk between all O-D pairs. Second, we select parts or full paths in the solution and adjust the selected frequency to achieve the optimal objective of risk equity in the network. Corollary 1 proves that the improvement is satisfactory for model P in terms of cost and risk. The improvement may lose some best results, which will be proven in Section 5. However, the improvement is valuable because of the problem's complexity is reduced and the control of decision makers is increased. 
Corollary
where objective function (21) is the risk to be minimized, and objective function (22) is the cost to be minimized. 
subject to >1 , ,
' ' , ' , , , ,
where path set rs K becomes to rs K in every constraint of model P .
Improved model II: Relaxation
Although the above improvement can obtain satisfactory routing solutions, the non-dominated solutions set still has many choices. Therefore, we try to relax the parts of objective functions in model 2 P as constraint conditions and adjust the path selection frequency to obtain the Pareto-optimal routes set and the optimal solution of risk equity. Based on the above analysis, model 2 P is changed into the following single objective optimization model 3 P :
subject to 
>1 , , 
where constraint (30) is the maximum value of average cost that is relaxed from objective function (24) and indicates that the average cost is less than  times of the largest single transportation cost in the selected path. The value of  can be set according to the risk preference of the decision maker. Constraint (31) is the maximum value of average risk, which is relaxed from objective function (25) . The other constraints and decision variables are similar with those in model 2 P . The improvement process is shown in Fig. 2 . The two improvements reduce the complexity of the model and decision, and the entire improved process is constantly based on the optimal solution of total cost and total risk in hazardous materials transportation. Although we make concessions on risk equity, the entire improvement process is in accordance with the objective demand of hazardous materials transportation enterprises.
Solution approach
Model 1 P is a multi-objective shortest path problem, and the edge attribute is the vector composed of cost and risk. A Pareto-optimal set is the set of shortest paths between each O-D pair, and the decision maker can select several paths from a selected path set rs K according to his risk preference. Heuristic algorithm is an effective method for solving multi-objective shortest path problems. In this study, NA-MOA* algorithm (Mandow and De La Cruz, 2010)
is used to realize model P , and Dijkstra algorithm is used to compute function () Hx (Machuca Sánchez, 2012).
Model 2
P . is a multi-objective nonlinear-integer programming model. We use the branch and bound method or exhaustive search to obtain the optimal solution when few alternative paths exist. However, the exact solution algorithm is not valid when many alternative paths exist. In this study, we design an improved multi-objective optimization algorithm based on NSGA-II to solve the model. In the algorithm, the code format of individual is   The main steps of the algorithm are explained in detail as follows:
Step 1: Initialize a population. Generate random parent solutions t P ( 0 t = ). The population size is Popsize.
Step 2: Create a new population. The crossover and mutation operations are used to create an offspring population t Q .
Step 3: Perform non-dominated sorting. Combine the parent and offspring populations and create 3 P is a non-linear integer programming model that can be solved by using a genetic algorithm.
For creating new population in models 2 P and 3 P , we design crossover and mutation operators based on the coding characteristic of the selected path frequency. In the crossover operation, two individuals are selected randomly by using the roulette method. Then, the section ( 1 pos to 2 pos ) is randomly generated. Two new individuals are generated after mutually exchanging the selected sections (Fig. 3) . In the mutation process, the new value in the code section is obtained from M by subtracting each original value. Then, the new values replace the old values. Subsequently, a new individual is formed (Fig.  4) . Chai, H., He, R., Jia, X., Ma, C., Dai., C., Archives of Transport, 46 (2) , [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] 2018 In the figure, the dotted circle denotes the population area. Two numbers are found in each circle. One is above the line and denotes the area number. The other is below the line and denotes the total population in the area. This process aims to design a transportation plan for hazardous materials shipments from nodes A to J and from B to I to ensure optimal risk equity in the population area and ensure that the total transportation cost and risk are within the acceptable range. In the transportation network in Fig. 5 , the length of unit segment is 1 km. The road segment distance and the Euclidean distance of unit-length segment and areas are measured in AutoCAD. Then, the values of ], and  is set to 0.03. The risk value in each segment and the total risk value in all segments are estimated in Table 1 . The average cost of transportation in each segment is 80 $/km. 
Solutions and discussions

However,
M value is high and the quality of solutions is good from the solution distribution perspective, which indicates that the distribution of solutions in the target space is close to the origin of the coordinate point. To verify the improvement effect of the model, the shortest paths between two O-D pairs (A-J, B-I) are computed by NAMOA*. The two Pareto-optimal route sets are listed in Tables 3 and 4 . Assuming that paths 1.1-1.4 are selected as transportation paths for A-J, paths 2.1 and 2.2 are selected for B-I, path 2.3 is discarded because the increase in transportation risk is higher than that in Table 5 shows the runtimes of the program with different parameter values. Fig. 7 lists the distribution of solutions with different parameter values. Compared with the consumption time in Table 5 , the CPU time of the program increases whether the population size is increased or the iteration of the program. When Popsize = 200 and Iteration = 10, the optimal solution of improved model II is obtained. When the population size and the number of iteration in Fig. 7 increase, the quality of solutions of the base model and improved model I improve and the number of non-dominated solutions increases. However, the real optimal solution cannot be determined when the population size and the number of iterations increase. Furthermore, many solutions exist. To address this problem, we provide an acceptable solution for the decision-maker through improvement model II. Table 6 shows the proportional relation of selected paths for A-J and B-I while transporting simultaneously. From the results, paths 1.1, 1.3, and 1.4 are selected with the ratio of 2:4:1. Path 1.2 is not selected for A-J, and path 2.2 is selected for B-I. Meanwhile, the optimal risk equity is achieved. Fig. 7 . Different popsize and iteration affecting the quality of three models (M=10)
